Central venous catheter (CVC) insertion is commonly undertaken in the ICU. The use of ultrasound (US) to facilitate CVC insertion is standard and is supported by guidelines. Because the subclavian vein cannot be insonated where it underlies the clavicle, its use as a CVC site is now less common. The axillary vein, however, can be seen on US just distal to the subclavian vein and placement of a CVC at this site gives a result which is functionally indistinguishable from a subclavian CVC. We evaluated placement of US-guided axillary CVCs in mechanically ventilated intensive care patients. Data were collected for 125 consecutive US-guided axillary CVC procedures in ventilated patients in an adult intensive care setting. All lines were inserted using real-time US guidance with an out-of-plane technique. One hundred and twenty-five procedures occurred in 119 patients. Successful line placement was achieved in 117 out of 125 (94%) procedures. Complications included four procedures that required repeating due to catheter malposition and one arterial puncture. The median number of attempts per procedure was one (IQR 1 to 2). Thirty-nine (31%) patients had a body mass index of 30 or above, 43 (34%) patients had a coagulopathy and 70 (56%) patients had significant ventilator dependence (FiO 2 of 0.5 or above, or positive end expiratory pressure 10 cmH 2 0 or above). The technique of US-guided axillary CVC access can be undertaken successfully in ventilated intensive care patients, even in challenging circumstances. Taken together with existing work on the utility and safety of this technique, we suggest that it be adopted more widely in the intensive care population.
The management of the mechanically ventilated critical care patient almost invariably includes the placement of a central venous catheter (CVC). The access site chosen may be dictated by clinical circumstances, but is most often based on practitioner preference. Several sources suggest that the subclavian site has much to recommend it [1] [2] [3] . Nonetheless, the internal jugular site is often chosen. This may be due to concerns over increased complication risk with the subclavian approach. It may also reflect the fact that the ultrasound (US)-guided technique has become established for jugular access 4 , while the subclavian vein is obscured by the clavicle, and thus does not present a viable target for US-guided CVC placement. Studies have identified the proximal axillary vein as a functionally identical surrogate for the subclavian, which can be seen on US. One study established its utility in an outpatient population 5 . Another trial took place in an intensive care setting where an in-plane technique was used 6 . We present a case series of 125 procedures in critically ill, mechanically ventilated patients in whom out-of-plane axillary central venous access was attempted using real-time US. A report of the first 50 procedures undertaken has been published as an abstract elsewhere 7 .
Materials and methods

Ethics approval/patient population
We submitted the study methodology to the West of Scotland Research Ethics Service, who deemed that full committee review was unnecessary, in view of the fact that the study was a service evaluation of existing practice without any change to standard care (Reference WoS ASD 81).
We collected anonymised data for consecutive US-guided axillary CVCs inserted in mechanically ventilated, critically ill patients between September 2009 and January 2013.
We excluded patients from the data collection who had preexisting ipsilateral pneumothorax, the potential for pre-existing ipsilateral pneumothorax (e.g. immediately post cardiac arrest) and patients who had an ipsilateral tube thoracostomy in situ.
As CVCs were being inserted as part of routine care according to institutional protocols in patients lacking competence, patient consent was not obtained.
Operators
Three operators took part in the study. One is a consultant, with extensive experience in inserting CVCs under US guidance, including axillary lines. The other two operators were year three anaesthetic trainees at the outset of the study. Their experience of US-guided CVC insertion was commensurate with their experience and limited to internal jugular or femoral lines. They were directly supervised until deemed competent to perform the procedure independently. All of their procedures were included in the analysis. 
Study Protocol
Method of line insertion
Patients were placed 15 degrees head down. Prior to sterile precautions being taken, patients were scanned in the anatomical position to identify relevant structures, confirm a site for skin preparation and determine if the venous system was under-filled (prompting further head-down tilt and/or fluid bolus). Laterality was chosen at the operator's discretion.
All appropriate sterile precautions were taken. This included hat, mask, antiseptic hand-washing, sterile gloves and gown, preparation of insertion site with 2% chlorhexidine in alcohol and use of a large sterile fenestrated drape. A long sterile sleeve was placed on the US probe.
We inserted the lines using a method previously described 5 . Briefly, a linear array US probe is placed in the infraclavicular fossa in a parasagittal plane, giving the image outlined in Figure 1 . It is usually clear which vascular structure is the vein; it sits superficial to the artery and, as one tracks medially, the cephalic vein may be seen joining it. If there is any doubt, differentiating the vein from the artery may be accomplished by placing pulse wave Doppler over each structure in turn; the artery gives a characteristic highfrequency pulsatile acoustic signal and visual pattern, whilst the vein demonstrates a lower pitched signal with less marked pulsatility ( Figure 2 ).
The needle is inserted out-of-plane at a steep angle to the skin to minimise likelihood of missing the needle tip ( Figures  3 and 4 ). Once in the vein, the angle of the needle is altered to approximately 45° medially to facilitate wire insertion. It is important to ensure that both the bevel of the needle and the curved tip of the J-wire are oriented caudally, to avoid cephalad placement. The remainder of the insertion takes place in standard fashion.
Data collection
We collected the following baseline data: patient age and gender; diagnosis; laterality of CVC; basic ventilator settings (FiO 2 , positive end expiratory pressure [PEEP]); and coagulation results (platelet count, prothrombin time, activated partial thromboplastin time). We documented the number of attempts per procedure and immediate periprocedural complications. Arterial puncture was determined clinically, while pneumothorax and catheter malposition were assessed on post-procedure chest X-ray. Number of attempts was defined as the number of separate needle punctures of skin.
Results
One hundred and twenty-five procedures took place in 119 patients. Baseline characteristics are given in Table 1 . Radiologically confirmed successful placement was achieved in 117/125 (94%) procedures. We successfully cannulated the axillary vein with the first needle pass in 87/125 (70%) procedures, and with the second, third and fourth needle pass in 21 (17%), 6 (5%) and 3 (2%) of procedures, respectively. Complications are listed in Table 2 . The artery was punctured in one patient. This was observed and no obvious haematoma or other sequelae occurred. There were no pneumothoraces.
Of the eight (6%) failed placements, four had lines successfully inserted, but these were in an unsatisfactory position on post-procedural chest X-ray: three catheters had entered the ipsilateral internal jugular vein and one catheter had entered the contralateral innominate vein. No obvious reason for these events was noted. The patients were not overweight, could be positioned normally and had no apparent anatomical abnormalities. In all four of these cases, CVCs were subsequently successfully placed in the contralateral axillary vein.
The remaining four failed procedures were abandoned periprocedurally, due to failure either to puncture the vessel or to pass a wire. In three of these procedures there was no obvious reason for failure (BMI, anatomy, positioning). In the fourth procedure the patient had a BMI of 47 and was positioned in a left lateral tilt. In two of these cases, CVCs were subsequently successfully placed in the contralateral axillary vein.
Body Mass Index
Thirty-nine patients (31%) had a BMI of 30 kg/m 2 or above. Thirty-eight were successfully cannulated, 27 out of 39 (69%) on the first attempt. One procedure was abandoned after three attempts. One patient suffered an arterial puncture prior to successful line insertion.
Ventilatory support
All patients had a PEEP of at least 5 cmH 2 0. Forty-two patients (34%) had a 'high' PEEP of 10 cmH 2 0 or greater and 60 patients (48%) had a 'high' FiO 2 of 0.5 or greater. Seventy (56%) patients had either high PEEP or high FiO 2 . Thirty-two patients (26%) had both.
Coagulopathy
Forty-three cases (34%) had a coagulopathy, determined as a prothrombin time above 16 seconds (or prothrombin time ratio above 1.5) or activated partial thromboplastin time above 46 seconds (or activated partial thromboplastin time ratio above 1.5) or platelet count below 80 × 10 9 /l.
Overall, 97/125 (78%) of procedures took place in patients who could be considered 'challenging' in terms of BMI, ventilator dependence or coagulation profile, as defined above.
Operator differences
One consultant inserted 71 lines, while the two trainees inserted 54 lines between them. Our complication rate was too low to demonstrate any significant interoperator differences. The arterial puncture was made by a trainee. Of the eight line malplacements, five were inserted by the con- Coagulopathy # , number of procedures (%) 43 (34%) *Significant ventilator dependence defined as either of: positive end expiratory pressure 10 cmH 2 O or greater; or FiO 2 0.5 or greater. # Coagulopathy defined as any of: prothrombin time >16 sec (ratio >1.5); or activated partial thromboplastin time above 46 sec (ratio >1.5); or platelet count <80 × 10 9/ l. SD=standard deviation, BMI=body mass index. sultant (7% malplacement rate) and three by a trainee (6% malplacement rate). There were no significant interoperator differences in number of needle passes required.
Discussion
Main findings
In this study we have demonstrated the efficacy of a CVC access technique in a critically ill population.
Previous studies
A recent systematic review evaluated the use of US in the placement of subclavian vein cannulae and supported its use 8 . Overall complication rates were reduced and failed catheterisation was less common where dynamic 2D US was used. Of the six studies in the review which used dynamic 2D US, two used an out-of-plane approach. One of these studies had no ventilated patients 9 and the other did not report on the ventilatory status of the 17 patients enrolled 10 .
Thus, few studies have specifically assessed the utility of out-of-plane US-guided axillary venous access in ventilated patients. Previous work has looked at the technique in routine settings, but the unique challenges of the critical care environment were absent, a limitation acknowledged by the authors of the largest such study to date 3 . A randomised trial has demonstrated the superiority of US-guided axillary CVCs in mechanically ventilated patients using an in-plane technique 6 . In that study, all operators reported difficulty in inplane 2D imaging of the axillary vein and the technique was rated by even experienced operators as technically difficult. Also, very few patients had a coagulopathy or significant obesity and the authors gave no indication of degree of ventilator/oxygen dependence.
Differences from previous studies
Mechanical ventilation
The potential consequences of pneumothorax are more serious in patients receiving positive pressure ventilation. All of our patients were ventilator-dependent and a significant proportion were receiving high levels of ventilatory support.
Coagulopathy
In an ideal world, patients would have a perfect coagulation profile prior to embarking on any invasive procedure. The reality is that many patients have a coagulopathy and still require central access. In our study, some patients had septic shock and required urgent inotropic support; some had poor peripheral access; in some cases the coagulation result only became available after the line had been inserted; and in some cases a determination was made that ongoing coagulation defect was desirable (e.g. thrombolysed massive pulmonary embolus on intravenous heparin). It is encouraging that many of our patients had a coagulopathy and did not come to harm from their procedure.
Body mass index
Patients with obesity are inherently more difficult to cannulate due to positioning difficulties, masking of anatomy and greater needle working length prior to vessel puncture. Our figures suggest that the use of US ameliorates some of these difficulties.
Malposition
We had a lower cephalad catheter malposition rate than has been previously reported 11 . The authors' technique for axillary CVC insertion is such that, where unexpected wire hold-up occurs distal to the needle, cephalad wire placement is suspected and the wire re-passed. We did not note the number of times this occurred because we did not know with certainty if cephalad wire placement had actually occurred. Nonetheless, it may have contributed to our lower than expected malposition rate.
Using fluoroscopic guidance, or performing US of the internal jugular vein after wire placement, would clearly help here and would give the opportunity for wire repositioning prior to dilatation. Fluoroscopy is not available in all circumstances, but US often is, provided the practitioner has either prepared the neck area, or is ready to de-sterilise the probe.
Nomenclature
The vessel punctured using the technique described is the axillary vein, a centimetre or so distal to the lateral border of the first rib (where it becomes the subclavian). Nonetheless, the end result is a CVC which is practically indistinguishable from a 'standard' subclavian CVC, to the extent that this type of CVC is now frequently described as subclavian 6, 12 .
Advantages of technique
Axillary CVCs have several potential advantages in the intensive care setting. The catheters are easier to nurse, are less troublesome for the patient and may be subject to fewer catheter-related bloodstream infections, although this is less certain 1, 13, 14 . They are certainly ergonomically easier to insert in the crowded bedspaces of the ICU than internal jugular lines: the operator does not have to get to the head of the bed, the endotracheal tube tie does not get in the way and the US machine can be placed directly opposite the operator.
Limitations of study
Sample size
Performing 125 procedures without significant complication does not prove that the complication rate is negligible: indeed, binomial theorem suggests that, even with a sample size of 100 patients and no complications, the complication rate may be as high as 3% 15 . The purpose of this study is not to 'prove' that CVCs are complication-free: they are not. Rather, we seek to support the growing recognition that US-guided techniques represent best practice 16 , to demonstrate that the insertion of 'subclavian' lines is feasible even under challenging circumstances and to publicise the existence of this technique, which is by no means universally known.
Out-of-plane technique
Increasingly, in-plane techniques are being used for US-guided procedures. The in-plane approach allows for very accurate needle-tracking and allows for a flatter angle of approach to the vessel. However, in-plane techniques require a high degree of technical competence and the anatomical picture obtained by in-plane US is more difficult to conceptualise. With regard to axillary insonation, orienting the probe transversely at the lateral edge of the clavicle can result in poor views and an unfavourable probe orientation. For this reason, a study comparing in-plane to out-of-plane insertion for axillary CVCs is warranted.
Lack of a control group
This study recruited opportunistically. A patient would be included when one of the authors was on duty in the ICU, when the patient required a CVC and when the patient was deemed suitable for an axillary line. Clearly this system could result in 'cherry-picking' of non-challenging patients, but we hope that our data does not support this interpretation.
Conclusion
To conclude, the technique of US-guided axillary CVC access can be undertaken successfully in ventilated intensive care patients, even in challenging circumstances. Taken together with existing work on the utility and safety of this technique, we suggest that it be adopted more widely in the intensive care population.
